By theoretical analysis, it is found that wavelet transform (WT) with a wavelet function can be regarded as a smoothing and a differentiation process, and that the order of differentiation is determined by the vanishing moment, which is an important property of a wavelet function. Therefore, a method based on the continuous wavelet transform (CWT) for removing the background in the near-infrared (NIR) spectrum is proposed, and it is used in the determination of the chlorogenic acid in plant samples as a preprocessing tool for partial least square (PLS) modeling. It is shown that the benefit of the proposed method lies not only in its performance to improve the quality of PLS model and the prediction precision, but also in its simplicity and practicability. It may become a convenient and efficient tool for preprocessing NIR spectral data sets in multivariate calibration.
Introduction
Analyses of the composition of plant samples (such as tobacco, tea, Chinese traditional medicine, etc.) have been a very important task in analytical chemistry, because, without chemical analyses, it will be very hard to perform further studies on these products. Traditionally, wet chemical methods are used for the purposes, which are generally expensive and time-consuming. The reproducibility of the analytical results is also a problem.
As a powerful analytical tool, near-infrared (NIR) spectroscopy has been gaining popularity during the past decade. Its applications can be found in many fields, including the food science, 1 the pharmaceutical industry, 2 and analyses of biological and biomedical materials, 3, 4 etc. However, in the cases of analyzing real samples, there is generally fluctuating background in the NIR spectrum. Therefore, pretreatment before building the quantitative model is required. Many methods, such as the derivative method, 5 genetic regression, 6 and orthogonal signal correction (OSC), 7 have been developed to remove the background in the NIR spectrum. In addition, wavelet transform (WT), a technique that is popularly used in the processing of analytical signals recently, [8] [9] [10] was also used as an alternative preprocessing tool in NIR spectral analysis. 11, 12 However, because the discrete wavelet transform (DWT) are adopted in these studies, both signal decomposition and reconstruction are needed.
In this study, based on a property of the continuous wavelet transform (CWT), a very simple method with good practicability is proposed and used for preprocessing the NIR spectrum in the determination of chlorogenic acid (polyphenol) in plant samples. It is shown that the method can be conveniently used to remove the background in NIR spectrum, and consequently improve the quality of PLS model for quantitative prediction.
Theory and Algorithm
A wavelet is defined as a series of functions (ψa,b(t)) derived from a function (ψ(t)) by dilation and translation, 13 ψa,
where a is scale parameter that controls the dilation, b is a shift parameter that controls the translation, and ψ(t) is the basis function of a wavelet. The WT of the signal or function ( f(t)) is defined as
where 〈 〉 denotes the inner product and convolution. Therefore, WT can be viewed as a mathematical operation of either projection or filtering. One of the important properties of the wavelet is its vanishing moments. A function with n vanishing moments means that it can suppress a polynomial of degree n -1 through convolution. A wavelet function with n vanishing moments can be written as the n-th order differentiation of a function θ(t), 14, 15 
where θ(t) is a smoothing function. Consequently, the WT defined in Eq. (2) can be written as
By this equation, it can be found that the WT of a signal or function can be viewed as a smoothing and derivation process. Therefore, if WT is applied to an NIR spectrum, the uninformative components such as the noise and the background will be removed. The results obtained with the transformed spectra should be improved.
Based on the above principle, an application of CWT for preprocessing the NIR spectrum in the determination of chlorogenic acid in plant samples is investigated. In the calculation, only 3 steps are included, i.e.:
(1) Apply the transform to each spectrum with the same wavelet function and the same scale parameter.
(2) Build the PLS model using the transformed spectra and the corresponding measured concentration of the calibration samples.
(3) Predict the concentration of the prediction samples using the transformed spectra.
Four parameters are involved in the calculation, i.e., wavelet function, vanishing moments of the wavelet function, the scale parameter of the transform, and the principal component number used in PLS modeling and prediction. The first three are associated with the WT and the last one is required by PLS. For determining of the optimal parameters, the root mean square error of prediction (RMSEP) is adopted as a criterion, which is calculated by:
where yi and ŷi are the measured and predicted concentrations of sample i, respectively.
Experimental
The NIR spectra of 78 tobacco lamina samples were measured on a Bruker Verctor 22/N FT-NIR System. The spectra were recorded in the wavenumber 4000 -9200 cm -1 with a digitization interval of 1 cm -1 . Figure 1 shows the measured spectra.
The concentration of the chlorogenic acid was measured on an HPLC system (HP 1050, Agilent) comprising an autosampler, a UV-Vis detector, and an ODS column (Hypersil, 5 µm, 125 × 4 mm). Gradient elution was used for the mobile-phase from 10:88:2 (v:v:v of methanol:water:acetic acid) to 48:50:2 within
23 min. A quantitative calculation was performed based on the calibration curve of the relative peak area and the concentration with respect to an inner standard 7-hydroxyl coumarin. The sample solution was prepared by extraction with methanol and water (1:9) solvent under microwave irradiation. Table 1 summarized the measured results.
Results and Discussion

Determination of the optimal parameters for the CWT
From the principle mentioned above, it can be seen that the wavelet function, vanishing moments, and scale parameter are three parameters that may affect the preprocessing results. In order to determine the optimal parameters, the RMSEP of the prediction samples obtained with several wavelet functions, different vanishing moments of each wavelet function, and different scale parameter were compared. Table 2 lists some of the obtained results. In the calculation, the samples marked with an asterisk in Tabel 1 are used as a prediction data set, and the other samples are used as a calibration data set. The number of the principal component is set to 10 according to a haply selection.
From the table it is clear that the wavelet function and vanishing moments are not important parameters for the method. There is no significant effect of the two parameters on Sample numbers labeled with the symbol "*" are used as prediction data set. Other samples are used as calibration data set. the results, although they do somewhat have an effect. However, the scale parameter is a key parameter to influence the RMSEP. As for the rule of the effect of the scale parameter on the results, it is clear that, by comparing the values in each line of Table 2 , the optimal scale lies in 70 -80, except for the Gaussian wavelet. Comparing all of the RMSEP values in Table 2 , it can be found that the smallest value, 0.043, lies in the results with the Gauusian wavelet. However, the Symmlet wavelet with vanishing moments 15 and scale parameter 70, which give the RMSEP 0.048, were used for further studies in this work. The main reason for the decision is that computation with the Symmlet wavelet is faster than that with the Gaussian wavelet, whereas the difference between 0.043 and 0.048 is not significant. Figure 2a shows the predicted results by using the PLS model built with the preprocessed NIR spectra under the determined parameters in the above section. The RMSEP is 0.048 for 26 prediction samples marked with an asterisk in Table 1 . By a linear regression analysis of the relationship between the measured and predicted concentrations, the regression coefficient and standard deviation are obtained to be 0.7694 and 0.1954, respectively. The lowest and highest recovery of the prediction are also labeled in the figure; they are 82.09% and 123.81%, respectively. These results should be acceptable for the quantitative determination of the low-concentration component in a real complex plant sample.
Quantitative results and a comparison with different preprocessing method
As a comparison, Fig. 2b shows the results obtained by using the raw measured spectra. It can be found that the method proposed in this work using the CWT can significantly improve the prediction precision compared with that obtained with the raw experimental spectra.
For a further comparison of the proposed method with conventionally used preprocessing methods, Table 3 summarizes the results obtained by using spectra preprocessed with Savitzky-Golay (SG) smoothing, numerical differentiation, and the DWT method; 65 and 35 were, respectively, used as the frame size for SG smoothing and SG differentiation, because they produce the smallest RMSEP values in the range of 10 -80. The DWT method was performed following Ref. 12 From the table, it is clear that SG smoothing has a significant improvement on the predicted results, although its effect is less than that of the proposed CWT method. However, from the 4th line of the table, the differentiation does not show any merit for improving the results, even though the SG smoothing was performed before computing the derivatives. From the 5th and 6th lines, they also show that differentiation has very little effect on the predicted results. The reason for this phenomenon may be the fact that the high resolution information enlarged by differentiation may not be informative but noise, because the useful information in the NIR spectra is generally broad peaks. If we compare the results in the last line with the others, it can be seen that the best method is DWT, which gives a slightly better prediction precision than the CWT method. However, the CWT method is much more easily used in practical usages because there is no need to apply reconstruction (inverse transform), as in the DWT method.
Conclusion
Based on the mathematical property that a WT with a wavelet function with n vanishing moments can be regarded as a smoothing and an n-th order differentiation process, a method for removing the background in the near-infrared (NIR) spectrum is proposed by adopting the CWT process. By applying the method to the determination of chlorogenic acid in plant samples, it is shown that the method can be conveniently used as a preprocessing tool for partial least-squares (PLS) modeling. The method can improve the prediction precision compared with the results by using the raw experimental spectra, produce better results than Savitzyk-Golay smoothing or differentiation methods, and obtain the same level of prediction precision compared with the published DWT method. However, there is a great merit of the method that lies in its simplicity and practicability. Furthermore, if we combine the method with other data processing approaches, e.g. variable selection, further improvement can be expected. Therefore, the method may be a promising tool for preprocessing NIR spectral data sets in multivariate calibration. 
